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Nonwetting Behavior of Al−Co Quasicrystalline Approximants
Owing to Their Unique Electronic Structures
Kanika Anand, Vincent Fourneé, Geoffroy Prev́ot, Julian Ledieu, and Émilie Gaudry*
ABSTRACT: Good wetting is generally observed for liquid metals
on metallic substrates, while poor wetting usually occurs for metals
on insulating oxides. In this work, we report unexpected large
contact angles for lead on two metallic approximants to decagonal
quasicrystals, namely, Al5Co2 and Al13Co4. Intrinsic surface
wettability is predicted from first principles, using a thermody-
namic model based on the Young equation, and validated by the
good agreement with experimental measurements performed
under ultra-high vacuum by scanning electron microscopy. The
atomistic details of the atomic and electronic structures at the Pb-
substrate interface, and the comparison with Pb(111)/Al(111),
underline the influence of the specific electronic structures of
quasicrystalline approximants on wetting. Our work suggests a
possible correlation of the contact angles with the density of states at the Fermi energy and paves the way for a better fundamental
understanding of wettability on intermetallic substrates, which has potential consequences in several applications such as supported
catalysts, protective coatings, or crystal growth.
KEYWORDS: wetting, contact angle, interfacial energy, quasicrystalline approximant surfaces, electronic structures,
scanning electron microscopy, density functional theory
1. INTRODUCTION
The design of metallic alloys with specific wetting properties is
crucial for numerous technological applications. Efficient
hydrophobic attributes are required for anti-icing surfaces,1−4
self-cleaning materials,5−7 or corrosion-resistant layers.4,8,9 The
way a liquid wets a solid is also decisive for crystal growths,10,11
solidification processes,12,13 or joining technologies.14 For
some applications, the targeted wetting characteristics can be
achieved artificially by the preparation of surfaces with complex
textures and architectures15,16 or by the deposition of
molecular layers with specific properties.17,18 Much less efforts
have focused on the development of metallic alloys with
specific intrinsic wetting properties.
Wetting properties are quantified through contact angles,
that is, angles where a liquid−vapor interface meets a solid
surface. For nonreactive metal liquids on solids, the intrinsic
contact angles result from two types of competing forces:
adhesion forces between the liquid and the solid phases and
cohesion forces of the liquid.19 Then, in the absence of barriers
to wetting such as oxide films, good wetting, that is, contact
angles of a few degrees or tens of degrees, is observed if the
interactions occurring at the interface are significant. This is
fulfilled for liquid metals on metallic substrates because in this
type of systems, the interfacial bond is strong (metallic).20
Unexpected large contact angles have been measured for
several liquids deposited on Al-based quasicrystalline alloys,
that is, intermetallic compounds characterized by a long-range
atomic order with no periodicity.21,22 In these experiments, the
substrates were however covered by a very thin surface layer of
alumina oxide, which avoided the determination of their
intrinsic wetting properties. The outstanding values of the
contact angles were then attributed to a combination of
intrinsic and extrinsic factors, namely, the specific electronic
density of states within the bulk material, underneath the oxide
layer, and thickness of the oxide layer.
A few attempts have been carried out to disentangle the
intrinsic contributions of the Al-based quasicrystalline
substrate from those of the oxide layer.23,24 From the
experimental point of view, such a goal is challenging. It
requires ultra-high vacuum (UHV) conditions and a careful
preparation of the system: deposition of a metal thin film on a
clean surface free from any contaminants, in situ dewetting
https://dx.doi.org/10.1021/acsami.9b20653
leading to the formation of droplets, and determination of the
contact angle using Scanning Electron Microscopy (SEM). On
the other hand, intrinsic wetting properties of quasicrystalline
surfaces can be determined through theoretical calculations
based on the droplet method or on free-energy calculations.
Such approaches have been widely used to determine contact
angles and interfacial energies of a large variety of
systems.25−27 However, in most cases, the simulations largely
rely on classical potentials. This may lead to interfacial energies
(γ) and contact angles (θ) significantly different from the ones
determined experimentally, even for simple systems such as
Pb(111)/Al(111)γPb/Al(111)calc = 28.3 meV/Å2 (γPb(111)/Al(111)exp =
13.5 ± 2 meV/Å2)28,29 and θPb/Al
calc = 46.4° (θPb/Al(111)
exp = 27.3 ±
0.8°)28,30which questions the possibility of assessing
accurate values of contact angles from classical potentials
which do not explicitly consider electronic effects.
In this work, using liquid lead as a probe, we identify notable
intrinsic low wetting behaviors, that is, contact angles close to
or larger than 90°, for two intermetallic substrates considered
as approximants to decagonal quasicrystals, namely, Al5Co2
and Al13Co4. A quantitative and predictive method to evaluate
the intrinsic contact angles, applicable to a broad range of
intermetallic substrates and validated by the good agreement
with a few experimental measurements, is proposed based on
the Young equation combined with density functional theory
(DFT). Electronic effects are found to have a significant
influence on the wetting properties of the considered
quasicrystalline-related substrates. Our study suggests a
possible correlation of the contact angles with the density of
states at the Fermi energy. It opens a way to design
intermetallic alloys with targeted wetting properties based on
this factor.
2. MATERIALS AND METHODS
2.1. Experimental Details. The two approximant substrates used
in this study were extracted from single crystals grown by the
Czochralski technique, as detailed in ref 31 for Al5Co2 and in ref 32
for Al13Co4. The Al13Co4(010) and Al5Co2(001) surfaces were
prepared under UHV (base pressure of 2 × 10−10 mbar) by repeated
cycles of Ar+ sputtering and annealing, as described in refs 31 and 33.
The structures of the clean surfaces were checked by low-energy
electron diffraction prior to Pb deposition.
Lead was then dosed on the clean surfaces for a few minutes using
a Knudsen cell to form a thick uniform layer on the substrates. The
pressure was kept in the low 10−9 mbar range during deposition.
Samples were further heated slightly above the melting point of Pb (T
= 357 °C, Tm
Pb = 327 °C) to produce liquid droplets of micrometer
size or smaller. The temperature was then decreased gradually to
room temperature.
Auger spectra in between the droplets indicate the presence of
some O contamination and the presence of a Pb wetting layer still
covering the substrate after the formation of the droplets, in
agreement with previous observations (Figure S1).28 Contact angles
were further determined from in situ SEM imaging at room
temperature, with a tilt angle between the surface normal and the
in-lens secondary electron detector up to 70° (NanoSEM/SAM,
ScientaOmicron). High resolution micrographs were analyzed by
means of standard ImageJ software, based on a circular-curve fitting
(Table S1 and Figure S2).
2.2. Computational Details. All calculations are based on DFT
and use the Vienna ab Initio Simulation Package (VASP). Self-
consistent Kohn Sham equations were solved by means of the
projected-augmented wave method.34,35 Atomic structures were
relaxed using the conjugate gradient method until the forces are
lower than 0.02 eV/Å. The considered systems were modeled with p-
layer thick slabs separated by a void thickness equal to 15 Å (p = 6 for
Al5Co2(21̅0), p = 7 for Al5Co2(001) and Al13Co4(100) and p = 9 for
Al(111)). The plane-waves energy cut-off was set to 450 eV.
Monkhorst−Pack meshes were used for the k-points sampling:36 5 ×
5 × 1 for Pb/Al(111) (Moire ́ structure), 1 × 7 × 7 for Pb/
Al13Co4(100), 7 × 7 × 1 for Pb/Al5Co2(001) and 1 × 3 × 11 for Pb/
Al5Co2(21̅0). Finer k-point grids were used for density of states
calculations. Our approach adopts the standard semilocal PBE
functional.37,38 Within this approximation, cell parameters, cohesive
energies of bulk systems as well as surface energies of oriented crystals
are in good agreement with the literature39−41 (Tables S2 and S3).
2.3. Bulk and Clean Surface Structures. The Al5Co2 and
Al13Co4 compounds crystallize in the P63/mmc (no. 194, hP28)
42 and
Pmn21 (no. 31, oP102)
43 space groups, respectively. Both structures
can be described by a stacking of two types of layers (either flat or
corrugated layer), that is, alternate perpendicular to [100] for Al13Co4
and perpendicular to [21̅0] and [001] for Al5Co2 (Figure S3).
The clean surface structures have been deduced from a
combination of surface science studies under UHV and theoretical
calculations.31,33,44−46 The two considered low index surface
structures of Al5Co2 arise from surface termination at incomplete
puckered layers with specific atomic arrangements missing, thus
forming reconstructions (Figure 1). The Al13Co4(100) surface
structure from a plane selection and consists of dense Al-rich layers
with the surface Co atom missing (Figure 1).33,45,46 In all cases, the
termination layer is Al-rich, and the average terrace size is of the order
of 0.1 μm, as observed by scanning tunneling microscopy (STM).
2.4. Interfaces: Thermodynamic Approach and Structural
Models. Two types of simulation methods are generally used to
determine contact angles.47 Similar to the experimental approach, the
droplet method consists in considering a liquid droplet on a surface.
When a well-defined shape is obtained by simulations, the contact
angle is calculated. The previous method may however suffer from
finite size effects (line tension, interfacial curvature, or arbitrary choice
of the solid-fluid contact plane). Methods based on free energy
calculations are not as straightforward as the droplet simulations but
tend to provide more accurate contact angle estimates.48
Here, the contact angles are determined through the Young









The surface energy of lead in the previous equation is taken to be the
one of Pb(111) (γPb = γPb(111)). This assumption is supported by the
temperature at which the experimental measurements were performed
(Pb is solid at room temperature) and by the similar surface energies
and electronic structures of dense liquid and fcc Pb.51−53
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where Esystem
tot , μX, γsubstrate, γPb(111), nX, and A are the total energy of the
considered system, the chemical potentials of the X species (X = Pb,
Co, and Al), the surface energy of the substrate (Tables S2, S3 and 2),
the surface energy of Pb(111) (17.8 meV/Å2), the number of X atoms
in the system, and the interfacial area, respectively. Because the
intermetallic compounds are synthesized from an Al-rich melt, the Al
chemical potential is taken as the one of bulk Al in the previous
equations (γsubstrate, μX).
Experimentally, lead is observed in between the Pb droplets. The
surface energy of the substrate has then to be corrected from Pb
adsorption, as already shown by ref 28
E
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where Eslab+1Pb‑layer
tot , Esubstrate
tot , and Ecoh
Pb are the total energies of the
substrate covered with a Pb atomic layer, the total energy of the clean
substrate, and the lead cohesive energy (Ecoh
Pb = μPb).
The previous approach is based on slab models, built with a
substrate covered by n-layer thick dense Pb(111) films (hexagonal-
like models), with 1 ≤ n ≤ 4. For Pb(111)/Al(111), we considered a
R( 31 31 ) 8.95× ° higher-order commensurate structure relative
to Al(111), corresponding to a R( 21 21 ) 10.9× ° reconstruction
of Pb(111) (lattice parameter 15.9 Å), in agreement with the
experimental observations54 (Figure 1), as illustrated by the
comparison of the simulated and experimental STM images (Figure
S4). The other interfaces have been built in order to minimize the
lattice mismatch between Pb(111) and the considered substrate. It
leads to a R( 13 13 ) 13.9× ° reconstruction of Pb(111) for Pb/
Al5Co2(001), a ( )7 10 2 superstructure of Pb(111) for Pb/
Al5Co2(21̅0), and a ( )4 02 4 superstructure of Pb(111) for Pb/
Al13Co4(100) (5, 7, and 2.5% averaged lattice mismatches,
respectively).
For Pb/Al13Co4(100), in addition to the previous hexagonal-like
Pb adlayer models, we considered a 1-layer thick Pb adlayer slab built
by progressively filling all favorable adsorption sites.55 The
corresponding modified surface energy (γmodified
substrate) calculated as a
function of the Pb coverage presents a discontinuity for a coverage
equal to 0.090 at./Å2 (Figure 3): the modified surface energy
increases abruptly, becoming larger than the one of a lead bilayer (15
+ 1 at./surf. cell). This supports an optimal coverage equal to 15
atoms per cell for a single Pb adlayer, in good agreement with the Pb
coverage observed experimentally (0.090 at./Å2).56 This structural
model was used to build a 4-layer thick Pb adlayer slab, where the two
first adlayers are pseudomorphic (15 Pb atoms/surface cell) and the
other two Pb adlayers are dense (16 Pb atoms/surface cell). We will
refer to this model as the pseudomorphic-like Pb adlayer model.
Finally, for Pb/Al13Co4(100), models have also been built using
interfacial structures derived from ab initio molecular dynamic
(AIMD) simulations carried out in the canonical ensemble (total
simulation time of runs = 50 ps, timestep = 1 fs, T = Tm
Pb = 600 K),
followed by a DFT-based conjugate-gradient structure optimization.
We took simulation cells containing a 7-layer thick Al13Co4(100) slab
topped with a 6 Å thick region filled with lead. The resulting structure
was used to build 4-layer thick Pb adlayer slabs (the first two Pb
adlayers come from AIMD, and the other two Pb adlayers are dense
layers). We will refer to this model as the MD-like Pb adlayer model.
Figure 1. Structures of the Al(111), Al13Co4(100), Al5Co2(001), and
Al5Co2(21̅0) surfaces, along with the corresponding lead interfaces
(before structural relaxation).
Figure 2. Schematic diagram to predict the surface wettability of Al-based approximants by lead. Surface energies of the substrate and lead are
calculated separately and used in eqs 1 and 2 to evaluate the interfacial energy (DFT slab model, right-hand side).
Figure 3. Modified surface energy of Al13Co4(100), considering Pb
atoms adsorbed at the surface, in the favorable adsorption sites
identified in refs 56 and 57 (single Pb layer, in red). The black points
correspond to a “bilayer” structure (15 + 1 Pb atoms/ surf. cell).
3. RESULTS
3.1. Contact Angles. Contact angles are experimentally
measured for Pb/Al(111), Pb/Al13Co4(010), and Pb/
Al5Co2(001) (Table 1 and Figure 4), avoiding points very
close to any crystal facet, as it would lead to misleading contact
angles. The shape of the Pb droplets are typically spherical
after liquid dewetting, with eventually small flat facets in
narrow regions attributed to the small anisotropy of the Pb
surface energy. A nonwetting behavior is observed for Pb/
Al5Co2(001) and Pb/Al13Co4(010), with contact angles of 96
± 7 and 78 ± 7°, respectively, demonstrating the specific
intrinsic wetting properties of the quasicrystalline approximant.
According to our thermodynamic model, the contact angles
calculated for Pb/Al(111), Pb/Al5Co2(001), Pb/Al5Co2(21̅0),
and Pb/Al13Co4(100) are 35, 100, 94, and 94°, respectively,
using hexagonal-like four layers models (Table 1). These
values match our experimental observations when available,
assessing the validity of our theoretical approach. For
Pb(111)/Al13Co4(100), our theoretical value is rather different
from the value published in ref 24 (45°). Such discrepancy is
attributed to the differences between the experimental and
theoretical substrates. The calculation considered the single
crystalline Al13Co4(100) homogeneous surface, while the
experimental study of ref 24 relies on a polycrystalline thin
film prepared by evaporation of Al/Co multilayers followed by
an appropriate annealing treatment, the nominal Al/Co atomic
ratio of the sample corresponding to 13:4 on average. Such
surface probably presents increased roughness as well as both
structural and chemical heterogeneity compared to the
homogeneous single crystal (100) surface considered in the
calculations. In addition, the theoretical contact angle
determined on the (100) surface is on the same order of
magnitude as the experimental angle measured for the Pb/
Al13Co4(010) system,
58 which reinforces the reliability of our
prediction, the anisotropy of the contact angles being assumed
to be small (see Discussion section).
3.2. Interfacial Energies and Electronic Structures.
The theoretical interfacial energies are gathered in Table 2. For
Pb(111)/Al(111), they are almost the same for all considered
Pb adlayer thicknesses, in agreement with the layer-by-layer
growth of thick Al films described in ref 54. The situation is
different in the case of the Al/Co quasicrystalline approx-
imants. Here, the interfacial energy sharply increases from one
to two Pb adlayers and remains almost the same for three and
four Pb adlayers. It shows an energetic cost for the growth of
Pb thick films on such substrates. For Pb/Al13Co4(100), this is
in agreement with the experimental finding that Pb thin films
do not grow in a layer-by-layer fashion on that surface.56
Interfacial Pb electronic structures are shown in Figure 5 and
Figure S5 for different systems. They are compared to the ones
of bulk Pb and of a freestanding Pb(111) single layer. The s
and p bands of Pb bulk DOS extend over the [−11.5; −6.75
eV] region and from −4 eV. Such separation of the s and p
states, observed in the bulk DOS, also occurs in the
freestanding Pb single layer because it is not structure
induced.52,59 This feature does not appear anymore for Pb
deposited on the different substrates, probing the interaction of
Table 1. Experimental (θexp) and Theoretical (θcalc) Contact
Angles for Pb Droplets on Different Substrates (Hexagonal-
like Structures), along with the Density of States (nbulk(EF))
at the Fermi Energy, Resulting from DFT Calculations
substrate θexp (deg) θcalc (deg)
nbulk (EF)
(states/(eV·atom))
Al(111) 28 ± 7 35 0.43




Al13Co4(010) 78 ± 7 0.22
Al13Co4(100) 94 (82
b, 116c) 0.22
aThe value for the PB‑4Co model (see Table S3).
bThe value for the
pseudomorphic-like structures (see text). cThe value for the MD-like
structures (see text)
Figure 4. SEM micrographs showing Pb droplets on (a) Al(111), (b)
Al5Co2(001), and (c) Al13Co4(010).
Pb states with the substrate Al states. For Al/Co compounds, a
larger interaction is noticeable around −2 eV because of
hybridization with the Co d-states. The contribution of Pb
atoms to the DOS of Pb(111)/Al5Co2(001) exhibits a clear
and faint minimum at the Fermi energy (called the pseudogap,
Figure 5). The pseudogap is present for the clean Al5Co2(21̅0)
and Al13Co4(100) surfaces but not visible when hexagonal- or
pseudomorphic-like Pb adlayers are present (Figure 5).
4. DISCUSSION
In this work, we determined interfacial energies for Pb/Al and
Pb/Al−Co compounds as a function of the Pb film thickness
in the range from one to four layers. For Pb(111)/Al(111), our
result (23.0 meV/Å2) is in better agreement with the
experimental value (13.5 meV/Å2)28 than the one of a
previous theoretical study (28.3 meV/Å2).29 The interfacial
structure considered in ref 29 was a Moire ́ structure as well but
different from the one determined experimentally. In addition,
the modeling was based on empirical potentials and did not
consider any vacuum layer, avoiding the consideration of the
lead surface energy. Using the same approach but with the
experimental Moire ́ structure and DFT-based calculations, we
obtained an interfacial energy equal to 18.5 meV/Å2. The
accuracies achieved on interfacial energies, leading to the
determination of contact angles in good agreement with the
experimental measurements, are due to the consideration of
electronic effects on wetting. For Pb(111)/Al(111) with the
model of hexagonal layers, we determine a contact angle equal
to 35°, in good agreement with the experimental value (28 ±
7°), while molecular dynamics calculations based on empirical
potentials led to a higher value (46.4°).30 Besides electronic
effects, the consideration of surface energies in our model is
essential. Methods based on adsorption energies only,48,60,61
although they appear well adapted for the determination of
water-wetting properties, seems not to be adequate for the
determination of wetting properties using a metal as a probe.
The previous example shows that the interface is crucial to
determine the wetting properties. The consideration of a
realistic structure for the first lead atomic layer on the substrate
is important. Contact angles may be overestimated if the
lowest energy configuration for the interface is not reached. In
this work, we considered dense Pb adlayers, with an interface
built either on the basis of experimental observations
(Pb(111)/Al(111)) or driven by the minimization of the
lattice mismatch between the substrate and Pb(111). A rough
estimation of the influence of the interface on contact angles
was carried out for Pb/Al13Co4(100). Several interfacial
structures were considered: hexagonal-like, pseudomorphic-
like, and MD-like. While results of the same order of
magnitude were found for contact angles (94, 82, and 116°,
Tables S3 and S4), the lowest contact angle was determined in
the case of the pseudomorphic-like structure, that is, the more
realistic one (a pseudomorphic growth was observed
experimentally56). Our results using the hexagonal-like
structure are not so differentthey can be considered as
acceptable. It is attributed to the balance arising from the
adlayer−substrate interaction strength and from the adlayer
atomic density (16 and 15 atoms per surface cell for the
hexagonal-like and pseudomorphic-like structures, respec-
tively).
The previous observations suggest that the aperiodic or
periodic nature of the interface may influence the wetting
features of decagonal quasicrystals. Using these materials,
several properties have already been shown to be influenced by
the periodic versus aperiodic order, such as optical
Table 2. Surface Energies (γsubstrate, meV/Å2), Modified
Surface Energies (γmodified
substrate, meV/Å2), Work Functions
(Wsubstrate, eV) for Clean Surfaces, and Interfacial Energies
(γn
interface, meV/Å2) as a Function of the Pb Adlayer
Thickness (n ∈ {1, 2, 3, 4}) for the Al(111), Al5Co2(001),
Al5Co2(21 ̅0), and Al13Co4(100) Substrates (Hexagonal-like
Models)
Al(111) Al13Co4(100) Al5Co2(001) Al5Co2(21̅0)
γsubstrate 50.1 65.6 83.8 87.6
γmodified
substrate 37.6 40.9 55.2 55.4
Wsubstrate 3.85 4.26 4.02 4.37
γ1
interface 19.7 23.1 37.4 37.7
γ2
interface 22.1 37.6 55.6 54.7
γ3
interface 23.4 32.2 57.7 58.6
γ4
interface 23.0 (18.5a) 42.3 58.3 56.7
aThe value obtained for the Pb(111)/Al(111) interface using a slab
which does not contain any vacuum layer.
Figure 5. Top: Lead contribution to the density of states for one lead
monolayer deposited on Al(111), Al5Co2(001), Al5Co2(21̅0), and
Al13Co4(100). DOS of a freestanding Pb layer and the DOS of bulk
Pb are given for comparison. Bottom: Contributions to the DOS from
the surface layers of the Al13Co4(100) and Al5Co2(001) substrates
and from the first Pb adlayer. The interfacial structure is based on the
hexagonal-like Pb adlayer structure for Al13Co4(100), Al5Co2(21̅0),
and Al5Co2(001). For Al13Co4(100), we also considered the
pseudomorphic-like structure.
conductivity62 or friction.63 In this work, contact angles and
interfacial energies were found to be comparable for the
pseudo 10-fold Al5Co2(21̅0) and the Al5Co2(001) surfaces
(Tables 1 and 2). Here, we only considered an hexagonal-like
interfacial structure for both orientations. While the interfacial
structure adopted for Al5Co2(001) may be the lowest energy
configuration (a pseudogap is visible in the density of states,
suggesting a pseudomorphic-like structure), no pseudogap is
noticeable for Al5Co2(21̅0), suggesting that a more realistic
interface may lead to a smaller contact angle. It is indeed
fulfilled by considering the PB‑4Co model for Al5Co2(21̅0)
(Table S5). However, from the knowledge gained by the
analysis of Pb/Al13Co4(100), no drastic difference (Δθ > 35°)
is anticipated. We may then predict that the wetting anisotropy
is rather small using quasicrystalline approximants, similarly to
what was observed for simple metal/metal interfaces.64
Here, electronic interactions at the interface play a
significant role. When dealing with two metals, such as
Pb(111)/Al(111), the bonding at the interface is metallic, as
illustrated by the DOS calculations (Figure 5). A slight charge
transfer occurs (Table S6), not influenced by the thickness of
the Pb adlayer, resulting from the small electronegativity
difference between Al and Pb (1.61 and 1.87, respectively65). It
leads to a rather high interaction energy (EPb/Al(111)
interaction = 65.7
meV/Å2), defined as EPb/substrate
interaction = −EPb/substratetot + Esubstratetot + EPbtot,
where EPb/substrate
tot , Esubstrate
tot , and EPb
tot are the total energies of the
substrate covered with a lead single layer, the clean substrate,
and a free-standing Pb adlayer. The good wetting observed for
this system can then be attributed to this strong interaction.
When dealing with Pb deposited on the complex Al−Co
intermetallic surfaces, the effect of the interface extends further
into the intermetallic compound. Indeed, the Co d-states on
the subinterface now participate in the charge distribution
(Table S6) and in orbital hybridization with the Pb sp-states
(Figure 5). The interaction between the Pb adlayer and the
substrate remains metallic but with a non-negligible iono-
covalent character. Interfacial Al atoms behave as donor atoms
(Figure 6): the Bader charges carried by surface Al atoms
increase from 0.23e and 0.67e for the clean Al13Co4(100) and
Al5Co2(001) surfaces, respectively, to 0.36e and 0.76e for the
surfaces covered with Pb, on average (Table S6, Figure 6).
This leads to a charge transfer toward interfacial Pb (ΔQPb =
−0.06e) and subsurface Co atoms. The Bader charges carried
by subsurface Co atoms decrease from −3.26e and −2.92e for
the clean Al13Co4(100) and Al5Co2(001) surfaces, respectively,
to −3.42e and −3.05e for the surfaces covered with Pb, on








Å2. Such strong interactions however lead to a poor wetting
behavior, demonstrating that the consideration of the
interaction energy alone cannot explain our results.
Wetting is a tricky property which depends on the interfacial
energy between the substrate and the liquid as well as on the
surface energies of the substrate and the liquid. The factor Δγ
= γmodified
substrate − γinterface is calculated to be positive for good wetting
systems ( +15 meV/Å2 for Al(111)) and slightly negative for
the Al−Co complex intermetallics (−1 meV/Å2 for
Al13Co4(100), −3 meV/Å2 for Al5Co2(001), and −1 meV
for Al5Co2(21̅0)). However, the calculation of such a factor is
not straightforward.
Electronic density of states at the Fermi energy (n(EF)) is a
key factor in condensed matter physics and material science
that determines the properties of metals. It has already been
shown to drive the wetting properties of Cu deposited on
different oxides.66 The partial electronic density of states
within the bulk material (nAl
3p) has also been invoked to analyze
the unique reversible adhesion energy of water on several Al-
based intermetallics.21 Surface energies are derived from
n(EF),
67−70 within the free electron model, while interfacial
energies depend on the work function differences ΔW between
the two metals. The latter is small for low electron density
metals (ΔWAl(111)/Pb(111) < 0.1 eV, WAl(111) = 3.85 eV (our
work) and WPb(111) = 3.78 eV
71), because the electronic
transfer is facile between two metals. It is larger when
considering the interface between lead and complex
intermetallic compounds with small n(EF) (WAl5Co2(001) =
4.02 eV andWAl13Co4(100) = 4.26 eV), leading to larger interfacial
energies.70 One then expects Δγ > 0 for small ΔW and Δγ < 0
for larger ΔW. Considering lead as a probe, good wetting is
then expected for good metals, that is, presenting large n(EF),
while poor wetting is predicted for compounds with small
n(EF). It is in agreement with our observations: a small density
of states at the Fermi energy corresponds to a larger value of
the contact angle (Figure 7).
5. CONCLUSIONS
We reported the unexpected nonwetting behavior of liquid Pb
metal droplets on two quasicrystalline approximants to
decagonal quasicrystals, namely, Al5Co2 and Al13Co4. Thanks
Figure 6. Bader charges for interfacial Al and Co atoms, as a function
of the number of Pb adlayers. Charge density deformation at the Pb/
Al13Co4(100) and Pb/Al5Co2(001) interfaces.
Figure 7. Contact angles plotted as a function of n(EF).
to our theoretical model based on the Young equation, the
intrinsic wettability of Al−Co compounds is predicted from
first-principles and validated by the good agreement with
experimental measurements performed under a UHV by SEM.
The wetting properties have been discussed in terms of
geometric and electronic effects. For Pb(111)/Al(111), the
high-order commensurate R( 31 31 ) 8.95× ° interface and
the common pure metallic character of the two elements lead
to good wetting. The situation is different for Pb(111)/
Al5Co2(001), Pb(111)/Al5Co2(21̅0), and Pb(111)/
Al13Co4(100), even if the Al−Co compound surfaces present
an Al-rich termination. In these systems, the contact angles are
large (∼90°). The intrinsic nonwettability can be directly
assigned to electronic effects and correlated through the
density of states at the Fermi energy.
In summary, we have developed an approach to predict the
intrinsic surface Pb wettability of aluminum and two
intermetallic compounds based on a simple DFT slab model.
As compared with MD simulations based on empirical
potentials, the proposed first principles method is much
more efficient because fewer input parameters are required and
a rather good accuracy, at least a better agreement with
experimental observations, is obtained. Although we consider
pure Al and Al−Co quasicrystalline approximants as a
benchmark in this study, the proposed method is very general
and may be applicable to any crystal surfaces and nonreactive
metal liquids. This paves the way for a better fundamental
understanding of wettability useful in a wide range of fields,
such as catalysis for metal−support interactions.
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